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This communication reports the development of an LC/MS platform for the analysis of
permethylated oligosaccharide alditols that, for the first time, demonstrates routine online
oligosaccharide isomer separation of these compounds before introduction into the mass
spectrometer. The method leverages a high-resolution liquid chromatography system with the
superior fragmentation pattern characteristics of permethylated oligosaccharide alditols that
are dissociated under low-energy collision conditions using quadrupole orthogonal time-of-
flight (QoTOF) instrumentation and up to pseudo MS3 mass spectrometry. Glycoforms,
including isomers, are readily identified and their structures assigned. The isomer-specific
spectra include highly informative cross-ring and elimination fragments, branch position
specific signatures, and glycosidic bond fragments, thus facilitating linkage, branch, and
sequence assignment. The method is sensitive and can be applied using as little as 40 fmol of
derivatized oligosaccharide. Because permethylation renders oligosaccharides nearly chemi-
cally equivalent in the mass spectrometer, the method is semiquantitative and, in this regard,
is comparable to methods reported using high field NMR and capillary electrophoresis. In this
postgenomic age, the importance of glycosylation in biological processes has become clear. The
nature of many of the important questions in glycomics is such that sample material is often
extremely limited, thus necessitating the development of highly sensitive methods for rigorous
structural assignment of the oligosaccharides in complex mixtures. The glycomics platform
presented here fulfills these criteria and should lead to more facile glycomics analyses. (J Am
Soc Mass Spectrom 2007, 18, 1799–1812) © 2007 American Society for Mass SpectrometryIt is estimated that up to 50% of all proteins areglycosylated [1, 2]. Protein glycosylation is involvedin many, if not most, biological processes and
there is extensive literature that documents its in-
volvement in diverse areas such as cell– cell recogni-
tion, cell–extracellular matrix interactions, tissue devel-
opment, immune response, host–pathogen recognition,
protein folding editing control, and protein stability
[3–6]. Glycans are not directly encoded in the genome.
Therefore, their structures cannot be predicted strictly
by a reading or manipulation of the genetic code as is
the case with nucleic acids and proteins. Although it
seems unlikely that the full range of potential structures
is realized in nature, an oligosaccharide of only six
monosaccharide components could theoretically give
rise to greater than 1  1012 chemically distinct struc-
tures [7, 8]. This is many orders of magnitude higher
than that of a hexapeptide because, as cyclic polyols,
the components of oligosaccharides have more link-
age points, the resulting structures can be branched,
and linkages can be formed in either an  or 
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fication of oligosaccharides presents a considerable
technical challenge.
The development of analytical methods for routine
analysis of oligosaccharides has lagged behind those of
proteins and nucleic acids. Often the relevant biological
questions dictate that the amount of glycan material
available for analysis is extremely limited. Further-
more, the glycans are almost always present as a
mixture of closely related structures, only a few of
which may have biological activity. Aberrant glyco-
sylation, e.g., in a disease state, can be dramatic, such as
loss of nearly an entire class or subclass of glycans, or
more subtle, such as loss of only a few isomers within a
subclass [3, 9–11]. Naturally, the ability to detect the
dramatic as well as the subtle changes in extremely
limited sample amounts will be required as questions of
glycomic consequence are considered. Ultimately, this
means that complete structural assignment of all the
glycans in complex mixtures must be accomplished
over a wide dynamic range, often with limited sample
amounts. With the growing interest in glycomics,
clearly more sensitive and informative platforms must
be developed for oligosaccharide and glycoconjugate
structural investigation.
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MS) has been used in various configurations for oligo-
saccharide analysis. The LC/MS method can be consid-
ered to have three components. While the more obvious
components are the LC and MS instruments, the third
variable is the analyte itself, in that the choice of the
particular derivative to be used can have a dramatic
effect on spectral properties.
Permethylation of oligosaccharides increases their
ionization efficiency up to 20-fold [12]. The tandem
mass spectra of permethylated oligosaccharides contain
a higher abundance of cross-ring fragments than their
native counterparts, thus allowing a higher probability
of linkage assignment [13–16]. Elimination of the C3
substituent from HexNAc residues in permethylated
glycans is useful for linkage assignment [17–19]. Also, a
chemical signature for branch substitution is inherent in
permethylated oligosaccharide spectra, since fragments
that expose formerly internal residues in newly formed
terminal positions are 14 Da lower in mass at each
former branch site due to the presence of a hydroxyl
group at the glycosidic cleavage site, whereas all the
hydroxyls of native terminal units are methylated.
Permethylation also imparts additional hydrophobic
character to oligosaccharides, thus making them more
amenable to the LC methods most suitable for LC/MS
applications, which require organic solvents and low
buffer concentrations. Permethylated derivatives of oli-
gosaccharides have been extensively studied by matrix-
assisted laser desorption/ionization (MALDI) and
electrospray ionization (ESI) tandem MS and their frag-
mentation properties are well understood. Surprisingly
little effort has been made to develop LC/MS methods
for these compounds. This, in part, may be due to their
lack of a chromophore and the consequent barrier to
off-line methods development. LC/MS methods have
been reported for analysis of permethylated derivatives
using reversed-phase chromatography [20, 21], but im-
provements on these methods are desired, to provide
isomer separation.
Many liquid chromatography formats have been
used for separation of oligosaccharides. Some examples
of these include normal phase (NPC) [22], reversed-
phase (RPC) [23, 24], porous graphitized carbon (PGC)
[25], hydrophilic interaction (HILIC) [26], ion-exchange
(IEC) [27], and high pH anion exchange (HPAEC) [27]
chromatographies. PGC, HILIC and HPAEC provide
superior resolution of oligosaccharides and allow sep-
aration of some isomers. Each has been employed in
LC/MS applications for separation of native glycans
and/or glycans derivatized at the reducing end [27–31].
PGC is an attractive candidate for application to char-
acterization of permethylated glycans as it has been
reported to provide excellent separation of analytes
ranging from highly polar to hydrophobic.
Naturally, it would be advantageous to leverage the
superior information content of permethylated oligo-
saccharide fragmentation spectra with an LC/MS
platform capable of isomer differentiation. AlthoughLC/MS analysis of permethylated glycans has been
reported [20, 21, 32], until this report, LC/MS isomer
separation of these compounds has not been demon-
strated. The capacity to separate permethylated oligo-
saccharide isomers by LC before infusion into the
mass spectrometer can make their analysis more
facile. Here we report the first separation and identifi-
cation of permethylated oligosaccharide isomers using
an LC/MS platform. This has been accomplished using
a PGC LC system, in combination with the further
separation capacity of the mass spectrometer. This
platform should significantly enhance the capacity
for the bioanalyst to identify oligosaccharides in
complex mixtures.
Experimental
Materials
Ribonuclease B, fetal calf serum fetuin, bovine articular
cartilage decorin and corn syrup malto-oligosaccharides
were from Sigma-Aldrich (St. Louis, MO). All reagents
were ACS grade or higher. Recombinant PNGase F was
expressed and purified in-house.
Oligosaccharide Release and Reduction
N-glycans were released from protein by treatment
with PNGase F at 4000 U/mL at 37 °C for 16 h. The
digest solution contained 0.1% sodium dodecyl sulfate
and 0.75% NP-40 in 50 mM ammonium bicarbonate
(NH4HCO3) at pH 8.0. After release, the oligosaccha-
rides were purified by solvent extraction as previously
described [33]. Briefly, detergent and salts were re-
moved by solvent precipitation in 80% acetone at pH
5.5. The released oligosaccharides were purified by
solvent extraction in 50% methanol acidified to pH 5.5
with drop-wise addition of acetic acid. Dried glycan
samples (1 to100 g) were placed in 200 L of 0.1 M
NaOH/1M NaBH4 for 1 h at ambient temperature.
Borate was removed by rotary evaporation from acidi-
fied methanol (1% acetic acid).
Bovine articular cartilage was processed as follows.
To 50 ug of decorin proteoglycan was mixed 10 uL
water, 2 uL 1 M tris-HCl buffer (pH 7.4), 1 uL 1M
NH4OAc, and 20 mU of chondroitinase ABC and diges-
tion was allowed to proceed at 37 °C. Completion of the
reaction was monitored by size exclusion chromatogra-
phy until a single peak of the core protein was ob-
served. This required a total of 60 mU of chondroitinase
ABC, where 20 mU of the chondroitinase was added
every 8 h. The mixture was allowed to digest for a total
of 24 h after which the reaction was stopped by boiling
the mixture for 2 min. Decorin core protein was purified
using a Superdex Peptide 3.2/30 column (Amersham
Biosciences, Piscataway, NJ), which was equilibrated in
10% ACN, 0.1M ammonium acetate at 100 uL/min and
with detection at 232 nm. N-glycans were release from
25 g of dried decorin core protein as described above.
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atode extracts as previously described [34]. Briefly,
glycans were released by reductive -elimination in
0.1M NaOH/1 M NaBH4 at 60 °C for 16 h followed by
neutralization with drop-wise addition of glacial acetic
acid. The mixture was passed over a 10 mL column of
Dowex 50W cation exchange resin (hydrogen form,
Sigma-Aldrich) and oligosaccharide material was eluted
with water. Borate was removed as tetramethylborate
by rotary evaporation from acidified methanol (1%
glacial acetic acid). After reconstitution, the samples
were applied to a 10 mL column of AG1x-2 acetate
anion exchange resin. Neutral glycans were eluted with
water and acidic ones eluted with 100 mM NH4OAc.
The pools were dried by rotary evaporation.
ReleasedN- andO-glycans were further purified using
porous graphitized carbon (PGC) cartridges (Thermo
Electron, Waltham, MA). The cartridges were pre-wet
with 100% acetonitrile and rinsed sequentially with two
mL each of 60%, 30%, and 0% acetonitrile, all of which
contained 0.1% trifluoroacetic acid. The glycans were
applied to PGC in water, washed extensively with 0.1%
trifluoroacetic acid and eluted by application of 1.5 mL
of 30% acetonitrile in 0.1% trifluoroacetic acid. The
samples were then dried in a Savant speed evacuation
device (Thermo).
Permethylation of Oligosaccharides
Oligosaccharides were permethylated using the method
of Ciucanu and Kerek [35] with minor modifications as
described previously [36]. Sample recovery was 70% to
95% based on phenol sulfuric acid assay for neutral
hexose and/or peak intensity on MALDI-TOF MS anal-
ysis using permethylated oligosaccharide standards.
Sample purity and suitability for LC/MS analysis was
verified by MALDI-TOF MS on a Reflex IV instrument
(Bruker, Billerica, MA), using 2,5-dihydroxybenzoic
acid as matrix and a nitrogen laser (337 nm, 3 ns pulse
width).
Liquid Chromatography/Mass Spectrometry
Porous graphite liquid chromatographic separation was
achieved with either a 2  50 mm or 0.320  100 mm
Thermo Hypersil-Keystone porous graphite chroma-
tography (PGC) column (Thermo) and a Beckman
Coulter System Gold 125 solvent module (Mississauga,
Ontario, Canada). Solvent A was 0.05% formic acid.
Solvent B was 1:1 acetonitrile: isopropanol (vol:vol) in
0.05% formic acid. The gradient was 30% Solvent B for
5 min, 30% to 65% Solvent B over 5 min, 65% to 85%
Solvent B over 50 min, 85% to 100% Solvent B over 5
min, 100% Solvent B for 10 min, return to 30% Solvent
B in 0.1 min followed by equilibration to original
conditions for 5 min. The entire gradient program was
80.1 min. This gradient was used for all experiments
presented. The column eluate was delivered through a
postcolumn split to a QStar Pulsar-i quadrupole orthog-onal time-of-flight mass spectrometer (Applied Biosys-
tems/SCIEX, Framingham, MA) equipped with a Tur-
bospray ion source. The postcolumn split flow rate to
the spectrometer source was 10 and 5 L/min for the
2-mm and 320-m diameter columns, respectively.
Postcolumn infusion of formic acid was used in a final
infused concentration of 1%. Ten percent formic acid
was prepared in methanol and infused at 1:10 (vol:vol).
Data-dependent acquisition experiments were per-
formed using Analyst software (Applied Biosystems).
Include and exclude lists were used to target select ions
for CID experiments. Collision voltages were applied
automatically according to a linear calibration curve de-
termined for 1, 2, and 3 charge states using perm-
ethylated oligosaccharide standards. The mass spectrom-
eter parameters were as follows for MS2 experiments:
DP1 75.0 V, FP 245.0 V, DP2 30.0 V, CG 3.0 psi, IRD 6.0
V, IRW 5.0 V, GS1 5.0 psi, GS2 10.0 psi, CUR 12.0 psi
and the ion spray voltage was between 4000 and 4500 V.
Collision gas was Ar. For pseudo MS3 experiments the
following parameters were used: DP1 130.0 V, FP 300.0
V, DP2 40.0 V, CG 3.0 psi, IRD 6.0 V, IRW 5.0 V, GS1 5.0
psi, GS2 10.0 psi, CUR 12.0 V.
Results and Discussion
Rationale and Key Experimental Observations
Reduced and permethylated malto-oligosaccharides,
RNase B released N-glycans, articular cartilage re-
leased N-glycans, and C. elegans whole nematode
extract released O-glycans were analyzed. This selec-
tion provided linear, high mannose, complex, hybrid,
and short, highly branched oligosaccharides for
study. Reduction was performed to avoid separation
of the  and  anomers of the permethylated oligo-
saccharides on the PGC columns, as well as to enable
distinction of potentially isobaric fragment ions. The
LC system used here was optimized for the oligosac-
charides presented. However, an increased amount of
isopropanol can be used in Solvent B to provide
better chromatographic properties for more highly
retained permethylated oligosaccharide alditols. The
branch isomers containing Fuc had clearly unique
retention times, whereas positional isomers that var-
ied in the location of Man had retention times that
were more similar to one another. The peak shapes of
sialylated glycans tended to be broader than were
those of other compounds having similar masses
(data not shown). For glycans such as those released
from -one acid glycoprotein, where a high propor-
tion of higher molecular weight glycomers occurs,
Solvent B can be replaced with 2:1 isopropanol:
acetonitrile. Essentially the same gradient can be
used. Typically, these conditions allow resolution of
more glycomers than that obtained with 1:1 isopro-
panol:acetonitrile where these tend to elute as an
unresolved group during the 100% Solvent B ramp
(data not shown).
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and these reiterated trends that have been observed
previously in fragmentation patterns of permethylated
glycans. The branching pattern of the oligosaccharides
could be deduced from CID spectra containing frag-
ments bearing a mass signature of 14 Da for each lost
branch. In samples containing Hex and HexNAc resi-
dues, abundant 0,4A, 1,4A, 1,3A, and 3,5A cross-ring
fragments were often observed, thus allowing the as-
signment of 1-2, 1-4, and 1-6-linkages [37, 38]. Elimina-
tion at the C3 of HexNAc was also observed, and
provided a chemical signature that could be used to
assign C3 substitutions as has been previously reported
[17, 18]. In high mannose and hybrid glycans, second-
ary fragmentation gave rise to product ions that clearly
defined the high mannose portion. In highly branched
Figure 1. LC/MS analysis of permethylated
chromatograms of permethylated oligosaccharid
Glc5 Glc6, Glc7 [M  Na]
 ions, Glc8 [M  2N
1513.76, and 870.43, respectively. Integrated p
glycoforms. (b) and (c) Fragment origin and C
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indicated. The inset in (c) demonstrates that disti
and permethylated hexose oligosaccharide.O-glycans, fragmentation across the C2–C3, C3–C4, and
C4–C5 bonds was key to structural assignments. Re-
sults were highly reproducible in terms of extracted ion
chromatogram (XIC) intensity, CID fragment ion inten-
sity, and sensitivity. The nomenclature used is that of
Domon and Costello [39]. Monosaccharide symbols
are those suggested by Varki et al. [40, 41] with some
modification allowing for Hex.
Porous Graphite LC/MS of Malto-Oligosaccharides
As shown in Figure 1a, Glc4-8 were well separated when
malto-oligosaccharide aliquots of 300 ng of reduced
and permethylated malto-oligosaccharides were ana-
lyzed. The CID spectrum of Glc5 [M  Na]
, m/z 1105.64,
lto-oligosaccharide alditols. (a) Extracted ion
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permethylation without prior reduction resulted in iso-
baric Y and C as well as Z and B ions. This situation was
avoided by carrying out reduction before permethyla-
tion. As seen in the Figure 1c inset, Y and C and Z and
B ions are all unique [3, 5]. An (n  2, 3, 4) cross-ring
fragments were observed at m/z 329.12, 533.27 and
737.42, respectively, thus confirming each 1,4 glyco-
sidic bond in the series. Also observed were secondary
(internal) fragments such as the Y4/C3 and Y3/C4
fragment at m/z 449.22. Fragments that correspond to
methanol loss from the Cn ion, e.g., m/z 431.22, could
also be assigned as Y4/B3 or Y3/B4. The presence of the
abundant peak at m/z 839.51 indicated that the metha-
nol loss is important for C4 but the facile Bn and Yn
pathways suggest that, at lower m/z values, the Yx/By
isomer may be dominant. Therefore, for simplicity, in
the following sections these types of fragments will be
referred to as the Yx/By type. These data demonstrate
the capacity of PGC to separate permethylated malto-
oligosaccharide alditols and also show the capacity of
the method to provide informative fragmentation pat-
terns where linkage, branch number, and sequence can
be completely assigned.
Porous Graphite LC/MS of High Mannose
N-Glycans from RNase B
Permethylated high mannose N-glycans have been
studied by tandem mass spectrometry and their frag-
mentation patterns are well established [42, 43]. RNase
B contains exclusively high mannose oligosaccharides.
While some variation can be expected from differences
in the protein source, method of release, and purifica-
tion, the approximate abundance of each glycan size is
known, as is the relative distribution of the isomers
within each size pool [44, 45]. Man5GlcNAc2 and
Man6GlcNAc2 are reported to be 57% and 31%,
respectively, of the total glycans of RNase B, and proton
NMR has established that each is present as a single
glycoform. There are three Man7GlcNAc2 isomers,
which combined are 4% of total glycans. The isomers
are referred to as D1, D2, and D3 and differ only in the
position of one 1,2Man residue (Figure 2). D1 refers to
substitution of the 1,2Man lower arm, D2 the central
1,3Man arm, and D3 the upper 1,6Man arm. The D1,
D2, and D3 isomers are present in approximately
equimolar proportions. Man8GlcNAc2 is reported to be
7% of total glycans and is also present as three
isomers. The D1D3 isomer is most abundant and is
80% to 85% of Man8GlcNAc2. The D1D2 isomer is
10% to 15%, and the D2D3 isomer is 5% of the total
Man8GlcNAc2. Man9GlcNAc2 is 1% of glycans and is
present as a single isoform. High mannose glycan was
released from 2 mg of lyophilized ribonuclease B
powder. Approximately 120 g of mannan was ob-
tained giving a yield of 80% based on 100% glycosyl-
ation site occupancy and an average oligosaccharidemolecular weight of 1320 using a weighted average for
glycans present.
To the LC/MS system equipped with a 2  50 mm
PGC column,350-ng aliquots of permethylated RNase
N-glycan alditols were applied, providing an estimated
dynamic range in chemically distinct glycoforms of
200 to 5.25 ng. The extracted ion chromatogram (XIC)
of the RNase B Man5-9GlcNAc2 is shown in Figure 3a.
Permethylation renders oligosaccharides within the
same compound class nearly chemically equivalent. As
a result, mass spectral responses are similar over a fairly
broad mass range [46]. Integration of all ions from three
independent experiments provided a distribution of
Man5-9GlcNAc2 that was comparable to previous esti-
mates determined by NMR and CE analyses [44, 45] as
shown in Table 1. The chromatographic positions of
each isomer in Man7GlcNAc2 and Man8GlcNAc2 are
shown in Figure 3b.
The CID spectra of the three Man7GlcNAc2 isomers
produced during a representative experiment are
shown in Figure 2. The CID spectrum of Man7GlcNAc2,
[M  2Na]2 m/z 1013.49, in the time domain 17.05 to
17.26 min is shown in Figure 3a. The derived structure
and all key fragments are shown to the right of the
spectrum. The ions seen at m/z 1288.60 and 1492.72 are
consistent with fragments Y3/B5 for the former and
Y4x/B5 and Y5’/B5 for the latter, and define an upper
arm that contained four Hex residues. Cross ring frag-
ments 0,4A4 and
3,5A4 at m/z 913.47 and 941.49 define the
1,6-linked arm. Both D2 and D3 isomers can contain
these fragments. Prediction of the fragmentation of the
D2 structure would forecast the presence of 0,4A3 and
3,5A3 fragments at m/z 301.1 and 329.1, whereas frag-
mentation of the D3 structure should yield 0,4A3 and
3,5A3 fragments at m/z 505.2 and 533.2. Indeed, frag-
ments are observed at m/z 301.15 and 329.17 and not at
m/z 505.2 or 533.2, demonstrating that, in this time
domain, the D2 isomer is the major isomer present.
Thus, the partially resolved peak centered at 17.1 min is
isomer D2.
The CID spectrum of the time domain 17.93 to 18.13
min is shown in Figure 3b. As in the D2 spectra, ions
were observed at m/z 1288.60 for Y3/B5, and m/z
1492.72 for Y4x/B5 and Y5/B5. As described above,
these fragments are consistent with the presence of a
branch that contained four Hex units. Cross-ring frag-
ments 0,4A4 and
3, 5A4 at m/z 913.47 and 941.49 were also
observed. These define the Man4 branch as linked to the
1,6 arm. However, 0,4A3 and
3,5A3 fragments were
detected at m/z 505.24 and 533.27 and not at m/z 301.1
and 329.1. Therefore, the predominant glycan in this
time domain was the D3 isomer. The derived structure
and the origins of all key fragment ions are shown to the
right of the spectrum.
The CID spectrum of the time domain 19.02 to 19.23
min is shown in Figure 3c. An ion is observed at m/z
1084.54, which is consistent with a Y3x/B5 secondary
fragment. This ion can not be generated by either
isomer D2 or D3. The D1 1,6 arm can be defined by
21804 COSTELLO ET AL. J Am Soc Mass Spectrom 2007, 18, 1799–1812cross-ring fragments 0,4A3a,
3,5A3a,
0,4A4, and
3,5A4, all of
which are present in the spectrum at m/z 301.18, 329.17,
709.34, and 737.35, respectively. Thus, the predominant
isomer within this time domain is the D1 isomer.
An XIC of the Man9GlcNAc2 [M  2Na]
2 at m/z
1217.63 is shown in Figure 2c from an analysis of a 20 ng
aliquot of total mannan using a 0.32  100 mm PGC
column. Nearly identical tandem mass spectra were
obtained across the entire peak region supporting the
presence of only one isomer as expected (not shown).
An estimated 160 fmol of Man9GlcNAc2 was present in
the mixture and its mass spectrum is shown in the inset
in Figure 2c. The signal-to-noise ratio was over 8000:1.
When the amount of mannan was reduced 4-fold, a
signal-to-noise ratio of over 500:1 was obtained from
Figure 2. CID QoTOF MS/MS spectra of Man7G
derived from [M  2Na] 2 m/z 1013.49 are indi
the structural representations to the right of e
shown in the order of their elution: (a) Man7GlcN
D1. All fragments contain sodium.40 fmol of Man9GlcNAc2 (data not shown).Porous Graphite LC/MS of Articular Cartilage
Decorin N-Glycans
Decorin is a small leucine-rich proteoglycan of the
extracellular matrix involved in cellular proliferation,
migration, and phenotype. N-glycosylation is thought
to be required for its secretion [47, 48]. Bovine articular
cartilage decorin (ACD) N-glycans are diverse and
some contain antennae with LacdiNAc and fucosyl
LacdiNAc and the core can be fucosylated or nonfuco-
sylated. A thorough characterization of ACD N-glycans
will be presented in detail in a manuscript currently in
preparation by Contado-Miller et al.
ACD is a particularly challenging glycoprotein to
analyze, as it contains chondroitin and/or dermatan
c2 D1, D2, and D3 isomers. Major product ions,
in each spectrum and their origins depicted to
pectrum. Spectra and structural diagrams are
D2; (b) Man7GlcNAc2 D3, and (c) Man7GlcNAc2lcNA
cated
ach s
Acsulfate as well as N-glycan chains. The intact molec-
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glycosaminoglycan (GAG). There are three potential
glycosylation sites. The N-glycosylation site predic-
tion algorithm NetNGlc 1.0 predicts only two are
occupied. The actual site occupancy is not known. In
processing, first the GAG must be removed, followed
by the N-glycan. Thus, considerable handling of the
glycoprotein is required. For this study, 25 g of
AC decorin was used. Based on total ion intensity
compared to permethylated malto-oligosaccharide
standard, MALDI-TOF spectra of the permethylated
AC decorin N-glycans indicated that 1 to 1.5 g of
glycan material was released. This is approximately a
70% yield base on an average of 75% site occupancy
Table 1. Comparison of semiquantitative methods for the analy
% Abundance LC/MS
Glycan Overall Isomer
Man5GlcNAc2 55.1  6.2 —
Man6GlcNAc2 30.8  5.2 —
Man7GlcNAc2 D1 3.5  1.3 44
Man7GlcNAc2 D2 2.7  1.3 34
Man7GlcNAc2 D3 1.8  0.7 22
Man8GlcNAc2 D1D2 0.2  0.1 3
Man8GlcNAc2 D2D3 0.3  0.1 5
Man8GlcNAc2 D1D3 4.8  0.6 92
Man9GlcNAc2 1.6  0.4 —
Error is expressed as standard error of the mean calculated from three
a
Figure 3. Extracted ion chromatogram of permethylated oligo-
saccharide alditols Man5-9GlcNAc2: (a) A stacked plot of molecu-
lar ions for Man5-9GlcNAc2is shown; (b) three partially overlap-
ping peaks are observed for Man7GlcNAc2 detected at [M 
2Na]2 m/z 1013.49 (bottom) and are labeled as D1, D2, and D3
and three are observed for Man8GlcNAc2 detected at [M 2Na]
2
m/z 1115.55 and are labeled as D1D2, D2D3, and D1D3 (top); (c)
selected ion chromatogram of Man9GlcNAc2 produced from 160
fmol. The molecular ion region of the mass spectrum is shown in
the inset. See text for details concerning nomenclature.Values are from reference [49].
bValues are from reference [50].and a composite average molecular weight glycan of
2000 Da.
In the analysis of decorin glycans carried out
as part of the investigation reported here, two
dHex1Hex4HexNAc4 isomers were detected. The iso-
mers eluted at 18.6 and 29.1 min, as shown in Fig-
ure 4, and are labeled as Peaks A and B, respec-
tively. CID data were collected for the apparent
Fuc1Man4GalNAc1GlcNAc4 [M  2Na]
2 ion, m/z
1039.56, detected from 18.36 to 18.56 min. The
monosaccharide composition proposed was based on
GC/MS monosaccharide analysis of the trimethylsily-
lated derivatives (manuscript in preparation). The CID
spectrum is shown in Figure 4b. Fragments were con-
sistent with a hybrid-type glycan. The core is clearly
defined as the unsubstituted chitobiose by the Y1 and Y2
fragments observed at m/z 316.16 and 561.27, respec-
tively. The glycan was a hybrid type with a high
mannose-type upper arm, as evidenced by the B2
fragment at m/z 445.22 and secondary fragments Y3/B5
and Y4/B5 at m/z 880.44 and 1084.52. Other fragments
that supported a high mannose hybrid-type upper arm
were 0,4A4 and
3,5A4 fragments seen at m/z 505.24 and
533.26. Potential 0,4A or 3,5A type fragments were not
observed at the calculated m/z value of 301.1 and 329.1.
Therefore, the terminal Man is not likely to be 1,6-linked
and is likely 1,3-linked, resulting from incomplete trim-
ming by mannosidases in the Golgi, the lower arm
contained a dHex1HexNAc2 extension; this assignment
is supported by the presence of a B2 fragment at m/z
701.35. A B1= fragment was observed at m/z 282.13 and
is consistent with a terminal HexNAc. The presence of
internal dHex-HexNAc is supported by a Y5=/B2
fragment observed at m/z 442.22. The 3-O fucosyl sub-
stitution is supported by a Y5=/B5/E1 fragment at m/z
1297.58, which has undergone a C-3 elimination of
O-Fuc. Such fragmentations have been previously
reported [17–19]. The derived structure is shown to
the right of the spectrum and the origins of key
fragments are indicated.
CID data were collected for the second
Fuc1Man4GalNAc1GlcNAc3 [M  2Na]
2 ion, m/z
RNase B oligosaccharides
% Abundance NMRa
Overall Isomer % Isomer abundance CEb
57 — —
31 — —
1.5 31 38
1.5 33 37
1.0 35 25
0.4 10 17
0.7 6 4
5.9 84 78
1.0 — —
pendent analyses.sis of
inde
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trum is shown in Figure 4c. Assignment of core fuco-
sylation was supported by a Y1 fragment at m/z 490.28.
The presence of a LacdiNAc antenna was supported by
fragments B1, B2, Z3, and Y4 at m/z 282.13, 527.28,
1329.56, and 1551.98, respectively. Evidence for a high
mannose-type upper arm included cross ring frag-
ments 0,4A4 and
3,5A4 at m/z 505.24 and 533.29, which
define the 1,6-linked upper arm. Secondary fragmen-
tation ions Y3/B5 and Y4/B5 at m/z 880.44 and
1084.51 add further support for the hybrid structure.
The derived structure is shown to the right of the
spectrum.
Figure 4. LC/MS analysis of articular cartilage
gram of articular cartilage decorin dHex1Hex4
shown. Two well resolved peaks are observed fo
B; (b) and (c) CID QoTOF MS/MS spectra
permethylated oligosaccharide alditol isomers.
Key ions are indicated in each spectrum (a) and
representations to the right of each spectrum (b) andPorous Graphite LC/MS of Caenorhabditis elegans
O-Glycans
The C. elegans O-glycan used here was from a previous
study [34] generated from 10-g wet weight of nema-
todes. LC/MS analyses were performed on 20 ng
aliquots of permethylated alditols using the 300  PGC
column.
If the analytes are sufficiently separated by LC
and/or there are no coincident isobaric product ions
from different but coeluting parent ions, it is often
useful to perform a pseudo MS3 experiment using
QoTOF mass spectrometry. Here the voltage offset
rin N-glycans. (a) The extracted ion chromato-
Ac4 permethylated oligosaccharide alditol is
 2Na]2 m/z 1039.56 and are labeled as A and
ticular cartilage decorin dHex1Hex4HexNAc4
M  2Na]2 ions were isolated at m/z 1039.56.
and their origins are depicted in the structuraldeco
HexN
r [M
of ar
The [
(c)(c). All fragments contain sodium.
2.55
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are set to favor prompt fragmentation. Results from
ESI-TOF MS, MS2 and pseudo MS3 experiments are
presented below for the analysis of the C. elegans
permethylated alditols, Hex3HexNAc1-ol O-glycan
isomers.
C. elegans produces neutral O-glycans that contain a
mammalian-like Gal1,3GalNAc type I core and are
highly branched and short [34, 49]. Both core residues
can be highly substituted. The core Gal of the neutral
O-glycans has been reported to be 4,6-disubstituted,
while only GlcA has been reported to substitute the C-3
position [34, 49]. The core GalNAc can be up to 3,4,6-
trisubstituted, whereas the C-3 position has been re-
ported to contain Gal exclusively [49]. The GalNAc C-6
position has been reported to be Gal- or Glc-substituted
[49]. Mutant strains that are affected in O-glycan
biosynthesis have altered susceptibilities to bacterial
and fungal pathogens and are currently used to study
host–pathogen interactions and innate immunity [34,
50–52]. In the experiments reported here, the O-glycans
were chromatographically separated into neutral and
acidic fractions before derivatization and analysis by
LC/MS. The results for the neutral O-glycans are re-
ported here. The XIC of Hex3HexNAc1-ol, m/z [M 
Na] 942.55, is shown in Figure 5. Three major peaks, A,
B, and C, were observed and were centered at 38.0, 48.5,
and 56.0 min, respectively.
The summed CID spectrum of Peak A generated in
the time domain 37.54 to 37.74 min is shown in Figure
6a. The derived oligosaccharide structure is shown to
the right of the spectrum. The presence of a 3,4,6-
trisubstituted HexNAc is supported by secondary frag-
ment Y1x/Y1y/Z1x at m/z 270.14. Individual Hex losses
were observed at m/z 706.39 and 724.41 for Z1x and Y1x
fragments, respectively. The dominant Z1x intensity
Figure 5. Trace ion chromatogram of reduced
major peaks are observed for [M  Na] m/z 94likely results, in part, from a C-3 elimination of 1,3-linked Hex from the core HexNAc-ol [17–19]. The
abundant fragment at m/z 415.21 results from forma-
tion of the secondary fragment C1x/B1y with loss of
CH3NHCOCH3. This was supported by the pseudoMS
3
fragmentation of the m/z 415.21 fragment shown in
Figure 7a. Ions consistent with the C-3 cleavage are
observed at m/z 329.18 for the 3A1 fragment. The frag-
ment observed at m/z 383.21 may have resulted from a
methanol loss which could take the form of a 5A1
fragment. Further support is given by the presence of C1
and Z1 -CH3OH ions at m/z 259.16 and 165.09. The
derived structure is a highly branched 3,4,6-trisubstituted
core1-type glycan as shown in Figure 6a.
The CID spectra of Peaks B and C generated in the
time domains 47.80 to 48.00 and 55.22 to 55.42 min were
similar, as shown in Figure 6b and c. The isomers are
both biantennary, as indicated by the observation of
secondary fragments Y1x/Z1y and Z1y/Y1x at m/z 284.15.
Evidence for the presence of a Hex2 arm in both spectra
was supported by the appearance of the product ion at
m/z 463.25, which was consistent with a C2 fragment.
No ion intensity is observed at m/z 270 in either spec-
trum, consistent with the absence of a trisubstituted
configuration. The abundant Z1 fragment ion at m/z
502.29 likely reflects a C-3 elimination of the 1,3-linked
disaccharide substituent. The presence of cross-ring
fragments 0,4A2,
3,5A2, and
1,4A2 at m/z 301.13, 329.16,
and 359.18 suggests that both 1,4 and 1,6 linkages could
be present in the Hex2 moiety. Taken together, these
isomers fit the general linkage configuration Hex1-
4,6Hex1,3(Hex1-4,6)HexNAc-ol. Pseudo MS3 experi-
ments were performed to resolve the remaining ambi-
guity in linkage assignment.
MS2 CID spectra from both Peaks B and C contained
the C-type fragment at m/z 463.22. The pseudo MS3
analysis of both produced nearly identical spectra. A
permethylated C. elegans Hex3HexNAc1. Three
and are labeled as A, B, and C.andrepresentative example is shown in Figure 7b. In addi-
c are
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observed at m/z 259.12, 245.09 and 227.09, respectively,
cross-ring fragments were observed at m/z 301.12,
329.12, 359.17, and 389.17. A 1,4-linked pair can gener-
ate m/z 329.12, 359.17, and 389.17 for 3,5A2,
1,4A2 and
0,2A2 fragments. A 1,6-linked pair can generate m/z
Figure 6. CID QoTOF MS/MS spectra of C. e
alditol isomers isolated at [MNa] m/z 942.55.
are indicated in each spectrum and their origins
structural representations to the right of each sp
the lower arm of which was either Hex1,4Hex1
Specific structural assignments are based on pseu
contain sodium. Monosaccharide identities are b
except that hexoses that can be either Gal or Gl
™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
Figure 7. PseudoMS3 spectra of key product io
3X2 m/z 415.19 ion of Peak A, B; Z1 m/z 502.26 io
1,4A2 m/z 463.22 ion of Peak C. Proposed structu
Z m/z 502.26 ion can be either a 1,4 or 1,6 glyco1
sodium.301.12, 329.12, and 389.17 for 0,4A2,
3,5A2, and
0,2A2. The
m/z 301.12 and 359.17 fragments are unique to the 1,6-
and 1,4-linked pairs, respectively. As the abundance of
the m/z 359.17 fragment is very high, likely the majority
of the disaccharide pair is present as the 1,4-linked pair
with a minor component containing a 1,6-linked pair.
s Hex3GalNAc1 permethylated oligosaccharide
pectra of Peaks A, B, and C are shown. Key ions
esultant linkage assignments are depicted in the
m. Peaks B and C each contained two isomers,
r Hex1,6Hex1,3- linked to the core GalNAc-ol.
S3 spectrum shown in Scheme 1. All fragments
on those of Varki et al. [40], as in other figures
represented as circles with an X.
™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™3
Hex3GalNAc1 permethylated alditol isomers. (a)
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each of Peaks B and C.
The C-type fragments isolated at m/z 502.26 in the
respective time domains for Peaks B and C were also
subjected to pseudo MS3 As shown in Figure 7c and d,
each produced a unique spectrum. As each has under-
gone a C-3 substituent loss, only assignments to 1,4- or
1,6-linkages are possible. The pseudo MS3 spectrum
produced from Peak C is shown in Figure 7c. Loss of
CH2CO (ketene) is observed at m/z 460.25 and is fol-
lowed by two CH3OH losses shown by fragments
observed at m/z 428.22 and 396.20. The authenticity of
this series is supported by a Y1-type fragment that has
lost CH2CO and two equivalents of CH3OH, as seen at
m/z 178.08. These fragments likely originate from a
1,4-linked configuration, as rationalized in Scheme 1.
The pseudo MS3 spectrum produced from Peak C is
shown in Figure 7d. Fragments consistent with 2A2 and
2A2  CH2O were observed at m/z 373.18 and 343.17.
Fragments consistent with C1 and C1 with loss of H2O
and CH2O were observed at m/z 259.12 and 211.08. A
fragment was also observed at m/z 165.09, which is
consistent with the presence of a Y1 fragment that has
lost CH3CONHCH3 and two CH2O groups. It is known
that in C. elegans the C-6 position of the GalNAc core
can be C-6 substituted with Hex as either Gal or Glc.
Likely the m/z 415.19 fragment produced from Peak A
contained a 1,6-linkage, as described previously. The
pseudo MS3 spectrum of the m/z 502.26 fragment pro-
duced from Peak B was similar to that produced by the
m/z 415.19 fragment of Peak A, in that both contained
prominent fragments at m/z 165.09 and 259.12. The m/z
502.26 fragment from Peak C produced a spectrum that
Scheme 1. Decomposition of the 1-4-linked
pathway for the formation of key fragment ionswas different from both and arises from a 1,4-linkedfragment ion. Therefore, likely both isomers in Peak B
contain a 1,6-linked Hex, while isomers in Peak C
contain a 1,4-linked Hex. Taken together, these data
show that two major isomers exist in each peak. Both
Peaks B and C contain isomers with Hex1,6Hex1,3- and
Hex1,4Hex1,3- linked arms. Peak B contains a Hex1,6-
arm and Peak C contains a Hex1,4- arm. These tetrasac-
charide assignments are consistent with the general
structural paradigm seen in O-glycans that have been
documented in C. elegans [34, 49]. The structural assign-
ments are shown to the right of the spectra in Figure 6.
Conclusions
An LC/MS method for analysis of reduced and perm-
ethylated oligosaccharides has been developed that
utilizes a porous graphite based LC system coupled
with a QoTOF mass spectrometer. LC/MS separation
and identification of permethylated oligosaccharide al-
ditol isomers have been demonstrated for the first time.
The method is rapid, reproducible and sensitive. When
a 320-m column was used, 40 fmol of oligosaccharide
could be easily detected and fully characterized. Fur-
ther reduction of chromatographic scale should signif-
icantly decrease the sample requirement.
The CID spectra of reduced and permethylated oli-
gosaccharides provide informative fragmentation. The
utility of permethylation in oligosaccharide structural
determination is well documented. The linkage, branch,
and sequence information provided in their fragmenta-
tion spectra is considered superior to most other deriv-
atives. In the examples presented here, it is made clear
that the utility of the highly informative CID spectra of
charide isolated at m/z 502.26. The proposed
own.disacpermethylated oligosaccharides is enhanced by high-
1811J Am Soc Mass Spectrom 2007, 18, 1799–1812 LC/MS ISOMER SEPARATION AND IDENTIFICATION OF OLIGOSACCHARIDESresolution liquid chromatography before introduction
of the sample into the mass spectrometer since isomers
are temporally resolved before ionization, thus reduc-
ing ambiguity in mass spectrometry-based structural
assignments. Examples are given to demonstrate as-
signment of linkage and branch patterns in a variety
of oligosaccharides ranging from linear to highly
branched glycans and for both positional and branch
isomers. Although the capacity of the system presented
to differentiate isomers could be saturated by highly
complex whole organism glycomes, the present system
was employed successfully for structural assignments
using up to the pseudo MS3 dimension. Further im-
provements to the LC system and additional levels of
MSn should enhance the capacity for glycoform resolu-
tion and assignment.
It is important to note that the method presented
here has some inherent limitations. For some com-
pounds, permethylation is not suitable. During perm-
ethylation, some labile groups such as O-acetyl groups
are lost and polar groups, such as phosphate and
sulfate, can cause poor recovery during standard ex-
tractions used in the derivatization protocol. Therefore,
if these substituents are suspected, an alternative ap-
proach should be considered. As with all chromato-
graphic methods, resolution of the presented method is
limited. Therefore, when highly complex mixtures are
expected, prior sub-fractionation may be required. In its
present form, the method is most useful for analysis of
neutral saccharides up to those with tetra-antennary
configurations. Those oligosaccharides that contain sialic
acids tend to give broader peaks as the number of sialic
acids increases.
Use of the permethylated derivatives for structural
analysis of oligosaccharides is an active area of research.
An online permethylation method was recently devel-
oped [53]. These authors demonstrate that oligosaccha-
rides could be permethylated in minutes, reagents and
byproducts could be efficiently removed and analytes
directly introduced into an LC/MS system. Online
derivatization coupled with LC/MS of permethylated
oligosaccharide alditols has obvious advantages, and
we are in the process of adapting online derivatization
to the LC/MS platform. Reinhold et al. have recently
reported the complete assignment of oligosaccharide
structures of permethylated glycans using a database
library, FragLib, in conjunction with their Oligosaccha-
ride Subtree Constraint Algorithm (OSCAR) [38, 54, 55].
This algorithm incorporates analyst-selected MSn ion
fragmentation pathways for elucidation of oligosaccha-
ride topology using a top-down sequencing strategy.
Complete assignment was reported for a series of oligo-
saccharides, where mass, branch, linkage, diastereomer-
specific composition, and anomeric configuration were
determined. Undoubtedly, coupling of online derivati-
zation, LC/MS, and bioinformatics will lead to even
more facile structural assignment of oligosaccharides.
This method will aid in efforts toward the overall goal
of the bioanalyst to provide complete structural assign-ments for glycosylation details, even when sample
material is limited.
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